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wingless activity is required for the patterning of tergites and sternites in the adult abdomen of Drosophila melanogaster.
In the absence of wg, tergite and sternite cuticular differentiation is replaced by that of pleura. Temperature shift analysis
of a wg temperature-sensitive allele has shown that sensory bristles and tergite/sternite histotype are determined indepen-
dently and that wg is required between 15 and 20 hr after pupariation for bristle formation. The determination of sensory
mother cells at this stage of development was con®rmed by expression of the neuralized gene in a subset of the proliferating
histoblasts. Ectopic expression of wg leads to the appearance of ectopic bristles and expanded tergite and sternite, indicating
that wg expression is suf®cient to promote both bristle formation and tergite/sternite differentiation. wg is expressed in
the dividing and spreading histoblast population in a restricted pattern which may determine the spatial arrangement of
cuticular elements. q 1996 Academic Press, Inc.
(A7 in males and A8 in females) are derived from the genitalINTRODUCTION
imaginal disc and do not differentiate trichomes.
The adult abdominal epidermis of segments A1±A6 in
The dorsal surface of a typical abdominal segment of an males (A1±A7 in females) develops from groups of cells, the
adult Drosophila melanogaster (segments A2 to A6 in the abdominal histoblast nests, which proliferate and spread
male and A2 to A7 in the female) is composed of segmen- during metamorphosis, replacing the larval polytene epider-
tally arranged plates of tanned cuticle called tergites. The mal cells (Roseland and Reinhardt, 1982). In the larva there
tergites occupy the anterior half of the segment and bear are four pairs of histoblast nests per segment; anterior dorsal
micro- and macrochaetae as well as trichomes. Regularly (12±19 cells per nest), posterior dorsal (6±7 cells per nest),
spaced microchaetae are borne on the posterior two-thirds ventral (12±13 cells per nest), and spiracular (2±3 cells per
of the tergite with a single row of equally spaced macrochae- nest) (Fig. 1). Thermocautery studies have shown that each
tae at the posterior edge of the tergite. A dark pigment band nest gives rise to a de®ned part of the adult cuticle (Roseland
is present towards the posterior of the tergite which is and Schneiderman, 1979). Thus, the tergite is derived from
broader in posterior segments in male ¯ies. Between the the anterior dorsal nest, the intertergal membrane is derived
tergites, and generally folded beneath them in the posterior from the posterior dorsal nest, the sternite and pleura are
half of the segment, is a ¯exible, bristle-free cuticle. derived from the ventral nest and the spiracle is derived
The ventral surface of the abdomen is composed, along from the spiracular nest (Fig. 1). The cells of the histoblast
the midline, of segmentally arranged plates of bristle-bear- nests are contiguous with the larval epidermis and secrete
ing cuticle called sternites. Around the sternites and be- larval cuticle (Madhavan and Schneiderman, 1977). They
tween the sternites and the tergites is a membranous cuticle do not divide during larval stages but shortly after pupar-
bearing regular rows of trichomes called the pleura. The iation they begin a series of divisions with an average dou-
spiracular openings are found at the lateral edge of each bling time of 3.6 hr (GarcõÂa-Bellido and Merriam, 1971;
tergite (Fig. 1). The anterior-most and posterior-most ab- Roseland and Schneiderman, 1979). During the initial phase
dominal segments show segment-speci®c variations of this of cell division there is no increase in cell size so that, at 15
basic pattern. For example, the ®rst abdominal segment has hr after puparium formation (APF), large numbers of small,
no macrochaetae or pigment in the tergite and no sternite columnar cells occupy the original area of each nest. At this
stage cells at the periphery of the nests ¯atten and begin towhereas the cuticular structures of the terminal segment
24
0012-1606/96 $18.00
Copyright q 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.
/ 6x0a$$8152 03-08-96 09:23:03 dba Dev Bio
25Adult Abdominal Patterning and wingless
van et al. (1988) and Pearson (1977) suggest that pattern is
established autonomously in the histoblast nests of Diptera.
Studies of the tergite bristle pattern show that it is auton-
omously determined in histoblast cells by the activity of
the proneural genes of the achaete±scute complex (AS±C)
(GarcõÂa-Bellido and SantamarõÂa, 1978), in the same manner
as in other epidermal tissues of the ¯y (reviewed in Campu-
zano and Modolell, 1992).
The gene engrailed has been implicated in the control of
posterior identity of the intertergal membrane in a fashion
similar to its role in controlling posterior patterning in other
imaginal epidermal derivatives (Kornberg, 1981). This may
suggest that other segment polarity genes are involved in
adult abdominal patterning. We have studied the role of wg
in this process, since it has a prominent role in both larvalFIG. 1. (A) Diagrammatic representation of an abdominal hemi-
segment of a third instar larva showing the stripe of wg expression and imaginal epidermal patterning. Our results suggest that
in relation to the position of the abdominal histoblast nests. The wg acts during development to determine the formation of
®lled circles represent polytene larval epidermal cells expressing b- bristles, tergite and sternite plates and pigment. The re-
galactosidase from a wg enhancer trap insertion. The stripe includes stricted anterior-medial gradient of wg expression through-
most of the ventral nest (v) but only the posterior-most two or out development within the growing histoblast population
three cells of the anterior dorsal nest (ad). No expression is seen in
generates the ®nal spatial arrangement of these elements.the posterior dorsal nest (pd). Expression is weaker towards the
lateral margin of the hemisegment. s, Spiracular nest; db, denticle
belt. (B) Diagram showing the cuticular structures of the adult abdo-
men and the histoblast nests from which they are derived. MATERIALS AND METHODS
Fly Strains
migrate outwards, gradually displacing the larval polytene
The wgIL mutation was described in van den Heuvel et al. (1993).epidermal cells which are phagocytosed in the haemolymph
wgIL homozygotes were obtained as Tb/ individuals from a cross(Roseland and Schneiderman, 1979). At 18 hr APF the ante-
between wgIL cn bw sp/SM6aTM6B and wgIL ck pr/SM6aTM6Brior and posterior dorsal nests fuse to form a single hemiter-
(Couso et al., 1994). At 177C these homozygotes survive to adult-gite nest. At 18±22 hr APF the hemitergite nest and the
hood. At 257C the mutation behaves as a null. The mutation is
ventral nest fuse with the spiracular nest. Replacement of known to prevent Wg protein secretion at the restrictive tempera-
the larval cells at the intersegmental boundaries is delayed, ture (van den Heuvel et al., 1993).
beginning at around 24 hr APF laterally and progressing CyO, wg-lacZ is a chromosome which has a P element insertion
medially. The last cells to be replaced, at approximately 36 which has caused a loss of wg function and expresses b-galactosi-
dase under control of the wg gene (Kassis et al., 1992). This strainhr APF, are those at the dorsal and ventral midlines. Adult/
reproduces faithfully the embryonic and imaginal patterns of wgpupal apolysis then occurs and differentiation of the epider-
expression (Couso et al., 1993).mis begins with cuticle deposition and bristle formation.
The heat shock-wg strain used in this study was described inThe Wingless (Wg) protein is a member of the Wnt family
Noordermeer et al. (1992)of secreted glycoproteins and has been shown to act as a
Clones of cells expressing wg from the Actin5C promoter weresignal during patterning of the larval epidermis and imagi-
generated using strains and protocols described in Struhl and
nal discs (for reviews see Martinez Arias, 1993; Perrimon, Basler (1993). An average of one clone per segment was found
1994). The wingless (wg) gene is required for different pro- when clones were generated in third instar larvae. Clones gener-
cesses throughout wing development, early for the genera- ated after puparium formation almost completely covered the
tion of ventral cell fates (Couso et al., 1993) and late for the adult abdomen and the resulting ¯ies were indistinguishable
from hs-wg ¯ies which had been given a repeated heat shockpatterning of bristles in the wing margin (Couso et al., 1994)
regime during metamorphosis.and notum (Phillips and Whittle, 1993). These activities of
sgg clones were generated by X-irradiating either sggM11-1/y f36aWg are implemented in the target cells by the activation of
or y sgg 9// larvae with 1000 rad using an A1 ®lter 48±72 hr afterthe genes armadillo (arm) and dishevelled (dsh) and by the
egg laying. In the ®rst case, following X-ray induced recombination,inactivation of the Shaggy (Sgg) protein kinase (Couso et
a sgg clone and a y f twin are generated. In the second case, a y sggal., 1994; reviewed in Perrimon, 1994).
clone is generated.
Very little, however, is known about pattern formation Adult, or pharate adult, abdomens were dissected and the body
in the adult abdomen. It has been suggested that the larval walls heated in 10% KOH at 607C for 10 min and either mounted
epidermal cells play a role in this process (SantamarõÂa and in Hoyer's or dehydrated through an ethanol series, cleared in His-
GarcõÂa-Bellido, 1972; Madhavan and Madhavan, 1984, 1990; toclear (National Diagnostics), and mounted in Histomount (Na-
tional Diagnostics).Smith, 1989). However, the grafting experiments of Madha-
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FIG. 2. Phenotype of the adult abdomen of wgIL homozygotes. (A) Oregon R female. (B) wgIL homozygous female, raised at 177C. (C)
wgIL homozygous female, raised at 177C and then shifted to 257C as a late third instar larva. The tergites have been reduced to small
lateral patches. (D) Scanning electron micrograph of the lateral portion of the third tergite of a wgIL homozygote which had been transferred
from 17 to 257C as a late third instar larva. (E,F,G) Comparison of wild-type pleural (E) and tergal (F) trichomes with the trichomes found
around the tergite patch in D (G). (H) Ventral surface of a wgIL homozygote which had been transferred from 17 to 257C as a late third
instar larva. There are no sternites and the entire ventral surface is composed of pleura.
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Histological Techniques
Larval body walls or pupal cuticles with adhering epidermis were
stained for b-galactosidase activity using X-gal and standard proce-
dures (Ashburner, 1989). Haematoxylin staining following detec-
tion of b-galactosidase activity was carried out as described in Hay-
ashi et al. (1993).
Immunocytochemistry
To detect Wg protein, puparia of the genotype wgIL/SM6aTM6B
which had been raised at 257C were bisected in PBS 24 hr APF.
These animals are wg/ but, because of the wgIL mutation, some
protein fails to be secreted, increasing its intracellular concentra-
tion and improving the signal after antibody detection (van den
Heuvel et al., 1993; Couso et al., 1994). The abdominal pupal cuti-
cle was carefully removed and ¯ushed clear of debris, leaving the
epidermis attached to the cuticle. The pupal cuticles were ®xed in
4% paraformaldehyde in PBS for 20 min, rinsed three times in PBS
/ 0.3% Triton X-100 and blocked for at least 1 hr in PBS, 0.3%
Triton X-100, 0.5% BSA, 10% normal goat serum (PBT) at 47C
before incubation with an anti-Wg antibody (1:200 dilution in PBT)
for 16 hr at 47C. Preparations were washed 31 30 min in PBT at
room temperature before incubating with HRP conjugated second
antibody (1:200 dilution) for 1 hr at room temperature. Three fur-
ther washes in PBT (30 min per wash) were carried out followed
by a 1-min wash in PBS. Peroxidase activity was detected by incuba-
tion in 0.5 mg/ml diaminobenzidine, 0.01% H2O2.
RESULTS
Loss of wingless Function
Comparison of wg IL/wg IL homozygotes which have been
maintained at 177C throughout development with wild-
type ¯ies (Figs. 2A and B) reveals an almost wild-type pheno-
type. However, wg IL ¯ies tend to have fewer bristles on
their tergites (an average of 87 { 11.4 on a female wgIL 4th
tergite vs 117 { 5.6 on the same tergite of an OrR female).
This is partly due to a slight reduction in the width of the
tergite. In wild-type ¯ies the edge of the tergite coincides
with the position of the spiracle whereas in wgIL at 177C
the spiracle is separated from the edge of the tergite by
pleura. The sternites are also reduced or missing in these
¯ies with occasional bristles being found misplaced to one
side of the sternite in the pleura. Similar phenotypes are
observed in viable mutant conditions of dsh and arm (not
shown).
To investigate further whether the wingless gene product
FIG. 3. Effects of temperature shifts during metamorphosis onis required for development of the adult abdomen wgIL/wgIL
adult abdominal development in wgIL homozygotes. (A) Bristle for-third instar larvae were transferred from the permissive
mation in the fourth tergite. Animals were raised at 177C and thentemperature of 177C to the restrictive temperature of 257C
transferred at the times shown to 257C to complete developmentand the appearance of the adult abdomen observed (Fig. 2C).
(h) or raised at 177C, transferred to 257C as late third instar larvae,
Such individuals fail to eclose but examination of pharate and then shifted back down to 177C at the times shown to complete
adults removed from the puparium revealed that the ster- development (l). (B) Oregon R left third hemitergite. (C) Left third
nites and most of the tergites were missing. The scanning hemitergite of a wgIL ¯y which had been raised at 177C and then
electron micrograph in Fig.2D shows that the tergites are transferred to 257C at 18.5 hr APF. Bristles are missing but pigment
is still present.reduced to small patches in the dorso-lateral-anterior por-
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FIG. 4. Expression of neuralized in the anterior dorsal histoblast nest at 18 hr APF. Anterior to the top. Expression was determined by
X-gal staining of a neu enhancer trap strain. Strong b-galactosidase expression was observed in a row of cells (between arrows) towards
the posterior of the anterior dorsal nest. Some weaker staining was observed in more anterior cells (arrowheads). The broken line indicates
the posterior margin of the anterior dorsal nest (ad) where it is fusing with the posterior dorsal nest (pd).
tion of each hemi-segment. The dorso-lateral-posterior re- replaced by pleura; the remainder of the pleura appears to
be normal (Fig 2H). Haematoxylin staining of mutant epi-gion of each segment, instead of being naked as in the wild
type, is covered with trichomes which are reminiscent of dermis revealed that these pattern defects are not due to
gross failures in histoblast proliferation or spreading as di-those found on the pleura (Fig. 2G). These pleura-like tri-
chomes extend into the cuticle medial to the patches of viding cells were observed in all nests and, at 40 hr APF the
abdomen was seen to consist entirely of adult cells (datatergite. Towards the dorsal midline, both anterior and poste-
rior halves of each segment become progressively more na- not shown).
To determine the temperature sensitive phase for theseked, resembling the intertergal membrane of wild-type ¯ies.
Ventrally there is a complete loss of sternites which are defects wg IL homozygotes were either maintained at 177C
FIG. 5. wg expression in the developing adult abdomen. Expression was determined by X-gal staining of a wg enhancer trap strain. In
A±F larval epidermal cells (large cells) and histoblasts (small cells) were revealed by staining with haematoxylin. In A±D the blue-staining
larval epidermal cells correspond to the dorsal and ventral stripes of wg expression indicated in Fig. 1A. Anterior is to the top, dorsal to
the right. (A) Ventral nest, 15 hr APF (arrow). Most cells of the nest are expressing b-galactosidase; however, a few cells at the anterior
and posterior margins appear not to have stained. The spiracular nest also shows wg expression (arrowhead). (B) Dorsal nests, 15 hr APF.
Expression is seen in a dorsal-posterior sector of the anterior nest, abutting the stripe of expressing larval cells (arrow). There is no
expression in the posterior nest (arrowhead). (C) Ventral nest 24 hr APF. Expression is seen in a small patch of cells adjacent to the stripe
of expressing larval cells, towards the ventral edge of the nest (arrow). wg expression is present in the spiracle (arrowhead). (D) Dorsal
nest 24 hr APF. The anterior and posterior nests have fused to make a single dorsal nest. b-Galactosidase expression is seen in a zone,
occupying the anterior-dorsal region of the nest, which has a sharp posterior margin but a diffuse anterior margin. (E) Ventral view of two
segments 36 hr APF. b-Galactosidase expression is seen in a patch at the ventral midline corresponding to the future position of the
sternite (arrow). (F) Dorsal view of three segments 36 hr APF. Bristle organs (arrowheads) have begun to form. b-Galactosidase expression
occupies around two-thirds of the width of the tergite, the lateral margins showing no apparent staining. Expression is strongest at the
posterior edge of the tergite and the posterior boundary of expression is sharply de®ned whereas the anterior margin is fuzzy. (G) Sternite
and pleura of a newly eclosed adult. b-Galactosidase expression is observed in the posterior half of the sternite (arrow) and in the spiracle
(arrowhead). (H) Dorsal view of a newly eclosed adult. b-Galactosidase expression is seen in a large patch occupying the dorsal two-thirds
of the tergite. The posterior margin of expression coincides with the posterior margin of the tergite The spiracle can be seen to the left
(arrowhead).
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FIG. 6. Effects of heat shock treatments on hs±wg ¯ies. Lateral tergites, pleura, and sternites of ¯ies subjected to a regime of 1 hr pulses
at 377C followed by 1.5 hr at 257C during the indicated periods. (A) hs±wg without heat treatment. There are no bristles in the pleura.
The position of the spiracles is indicated by the small arrowheads. (B) Heat pulses 10±20 hr APF. Ectopic bristles (small arrows) are found
in the pleura (including the ®rst abdominal segment) although there is little expansion of the tergites or sternites. Extra bristles are
apparent in the lateral tergite of segment 2 (large arrowhead). The small arrowheads indicate the position of the spiracles. (C) Heat pulses
20±30 hr APF. There is expansion of both tergite and sternite. The small arrowheads mark the position of the spiracles. Extra bristles are
apparent in the lateral tergite of segment 2 (large arrowhead). (D) Heat pulses 15±40 hr APF. There is strong expansion of both tergite
and sternite and dark pigmentation of the more posterior sternites.
and then shifted to 257C at various times APF or they were determined, expression of the neuralized gene was exam-
ined in pupae 10±20 hr APF using the neuA101-lacZ strain.transferred to 257C as third instar larvae and then shifted
back to 177C at various times APF to complete develop- Expression of neuralized is found in sensory mother cells
(SMCs), including bristle precursors, and is a marker forment. Figure 3A shows the number of bristles on the fourth
abdominal tergite. Both sets of experiments reveal a temper- neural fate (see Campuzano and Modolell, 1992). b-galactos-
idase expression was observed in a single anterior dorsalature-sensitive period of approximately 15±20 hr APF for
the appearance of bristles. At this time the histoblasts have nest cell at 10 hr APF and by 18 hr APF strong expression
was observed in a row of cells along the posterior edge ofjust begun to migrate after their initial period of cell divi-
sion. When the dorsal cuticle of ¯ies which had been shifted the nest (Fig. 4). The number of these cells is approximately
the same as the number of macrochaetae found along thefrom 17 to 257C at 18.5 hr APF was examined, in occasional
segments, bristles were found to be missing but pigmenta- posterior edge of the adult hemitergite. A few, more weakly
staining cells were observed anteriorly which presumablytion and tergite-like trichomes were present (Fig. 3C), indi-
cating that the requirements for wg in bristle and cuticle correspond to the microchaetae precursors which are deter-
mined after the macrochaetae and appear in those positionsformation are separable.
To ascertain whether the sensitive phase for bristle for- (GarcõÂa-Bellido and SantamarõÂa, 1978; Mari-Beffa et al.,
1991). Thus, the timing of the appearance of bristle precur-mation, observed in the temperature shift experiments, co-
incides with the period during which bristles are normally sors correlates with the sensitive period for wg, suggesting
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TABLE 1 restricted to a zone of cells which abut the b-galactosidase-
Effects of 1-hr 377C Pulses on Ectopic Bristle Formation and expressing larval cells (Fig. 5C). The zone of b-galactosidase
Tergite Expansion in hs-wg Flies expression in the hemitergite nest has expanded as the his-
toblasts have spread. The posterior margin of this zone of
Hours Bristles on Expanded expression is sharp, coinciding approximately with the fu-
APF pleura tergite
ture position of the posterior margin of the tergite. The
anterior margin is ragged and diffuse (Fig. 5D). At 36 hr2 0 0
4 0 0 APF replacement of the larval epidermal cells is complete.
6 0 0 Ventrally, the left and right ventral nests have fused and
8 0 0 form a single zone of expression which corresponds with
10 / 0 the future position of the sternite (Fig. 5E). The left and
12 / 0 right presumptive hemitergites have fused so that there is
14 // 0 single zone of expression comprising approximately two-
16 // 0
thirds of the dorsal surface of the segment, but expression18 / //
is absent from the lateral margins. As before, the posterior20 / //
margin of expression is sharp with the anterior margin being22 0 //
more diffuse. Expression extends anteriorly to the ®rst row24 0 //
26 0 // of bristles and is strongest posteriorly where the posterior
28 0 / limit of expression can be seen to coincide with the poste-
30 0 0 rior margin of the tergite (Fig. 5F). A similar pattern of b-
galactosidase expression is found in newly eclosed adult
Note. Heat pulses were given at the times indicated. (0) Experi-
¯ies (Figs. 5G and 5H).mental animals were indistinguishable from controls. (//) Pheno-
To demonstrate that the pattern of b-galactosidase ex-type similar to Figs. 6A and 6B. (/) Phenotype intermediate be-
pression re¯ects the expression pattern of the endogenoustween controls and that shown in Figs. 6A and 6B.
wg gene, an anti-Wingless antibody was used to detect Wg
protein at 24 hr APF. Antibody staining was found, in the
dorsal nest, in a pattern which closely resembled that of
the X-gal staining (data not shown).that wg is required for the determination of sensory organ
precursor cells. Strong b-galactosidase expression was observed at 15, 24,
and 36 hr APF in the descendants of the spiracular nest though
this expression was absent from the perispiracular epidermis,
Pattern of wingless Expression being restricted to the spiracular chamber (Fig. 5).
The expression observed in the dorsal and ventral his-The expression pattern of the wg gene was determined
by X-gal staining of a P element insertion strain which ex- toblast nests is dependent on wg/ activity as the zones of
expression failed to form in histoblast nests of pupae withpresses b-galactosidase under the control of wg (see Materi-
als and Methods). At pupariation (0 hr APF) staining is ob- the genotype wg IL/CyO, wg-lacZ, which produces a loss of
wg function when development occurs at 257C, althoughserved in a band of larval epidermal cells, three to four cells
wide, situated in the middle of each segment (Fig. 1A). Stain- proliferation of the nests still occurred (data not shown).
Staining in the imaginal discs was used as a control in alling is weaker at the lateral margins. These bands of staining
pass through the ventral histoblast nests, with most cells experiments in which b-galactosidase expression was moni-
tored.expressing b-galactosidase, and between the anterior and
posterior dorsal nests, with only two or three cells at the
posterior end of the anterior nests staining. At 15 hr APF,
Ectopic Expression of winglessX-gal staining is still apparent in the larval epidermal cells
but is absent from the larval cells which lie on the lateral To investigate the effects of ectopic wg expression, pupae
carrying a heat shock±wingless fusion gene were given 1side of the ventral histoblast nest. Staining is present in the
ventral nest in the cells which abut the b-galactosidase- hr pulses at 377C at various times APF. Two main effects
of this treatment were observed which are reciprocal to theexpressing larval cells. These cells form a zone on the ven-
tral side of the nest, ¯anked anteriorly, posteriorly, and lat- wg lack of function phenotypes. The ®rst was the appear-
ance of ectopic microchaetae on the pleura, including A1,erally by histoblasts which do not express b-galactosidase
(Fig. 5A). In the anterior dorsal nest b-galactosidase expres- which does not normally have a bristle-bearing sternite (Fig.
6B). The second effect was a lateral expansion of the tergitession is found in a sector abutting the b-galactosidase-ex-
pressing larval cells (the most posterior dorsal part of the and sternites (Fig. 6C). Table 1 shows that the time period
during which these effects were observed was 10±22 hr APFnest). Staining is weak or absent from the larval cells and
histoblasts closest to the lateral margin and no staining is for the ectopic bristles on the pleura and 18±28 hr for the
expansion of the tergites. Applying a regime of repeatedobserved in the posterior dorsal nest (Fig. 5B). At 24 hr APF
b-galactosidase expression in the ventral nest has become heat pulses separated by 90 min at 257C from 10±30 hr
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FIG. 7. Clonal phenotypes of excess of wg function. Orientation as in Figs. 5G and 5H. (A) Wild-type tergite. The spiracle is indicated
by an arrow at the edge of the tergite. (B) y Ac5wg clone in a tergite showing the phenotype of extra bristles. The yellow bristles of the
clone (arrow) appear in a dorso-lateral position with a higher density than normal. Ectopic wild-type bristles (y/) are also formed around
the clone (compare the density of bristles in and around the yellow clone with the normal density at the edges of the image). (C) y Ac5wg
clone in the pleura showing ectopic tergite/sternite differentiation and bristles. Around the y bristles, the trichomes are typical of tergite
and not pleura. The ectopic tergite/sternite patch appears close to the spiracle (arrow) but not connected with the normal tergite (to the
right). (D) y Ac5wg clone showing ectopic tergite/sternite differentiation and pigmentation, with recruitment of wild-type cells. The y
bristles mark the clone which has differentiated ectopic sternite/tergite trichome and tergite pigmentation (arrow) in the pleura region
close to the normal sternite (to the left). A wild-type bristle (arrowhead) is found within the ectopic patch of tergite/sternite, showing
that wild-type cells can be in¯uenced by the neighbouring y Ac5wg clone, as in (B). (E) Small y sgg9 clone (arrow and arrowhead)
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TABLE 2
Phenotypes of Clones Expressing wg Constitutively
Number Extra Extra tergite/ Total
of clones bristles sternite tissue mutant
Clones in wg-expressing regionsa
Central tergite 49 2 0b 2
Posterior sternite 25 1 0 1
Total in wg-expressing regions 74 3 0 (25)c 3
Clones outside wg-expressing regionsa
Lateral tergite 35 25 0b 25
Perispiracular cuticle 19 7 18d 19
Anterior sternite 13 10 6d 10
Total outside wg-expressing regions 67 42 24 (31)c 54
Note. Only clones induced following a 40-min heat shock during the third larval instar are shown. Clones induced later, although
showing even stronger phenotypes, are not suitable for quanti®cation (see Materials and Methods).
a De®ned by X-gal staining of wg-lacZ adult cuticles as in Figs. 5G and 5H. For example, lateral tergite means the tergite area delimited
by the four lateral-most macrochaetae of the tergite and central tergite is the rest of the tergite between these lateral patches.
b These clones are not adjacent to pleura and therefore cannot induce extra tergite/sternite tissue differentiation.
c The numbers in parentheses show the total number of clones capable of producing such a phenotype because of their position (posterior
sternite, anterior sternite, or perispiracular epidermis).
d Some of these clones appear to be of pleural origin.
led to a marked expansion, laterally, of both tergites and 7C); in most cases the ectopic patches appeared fused to the
wild-type tergite/sternite regions (Fig. 7D). In these ¯ies,sternites so that they became fused (Fig. 6D). Haematoxylin
staining of these animals following heat treatment revealed both yellow and neighbouring y/ tissue were seen to differ-
entiate ectopic structures, as would be expected if the Wgthat, although proliferation of all histoblast nests was de-
layed, there were no observable changes in the pattern of product, produced by yellow-marked cells, is diffusing and
instructing neighbouring cells to produce pattern elementscell divisions or migration (data not shown).
Ectopic wg expression was also induced in clones of cells typical of wg-expressing regions (Figs. 7B and 7D). Mild ex-
cess of wg phenotypes were seen when clones of cells mu-using the site-speci®c recombination system of Struhl and
Basler (1993), which generates clones of cells carrying a con- tant for the sgg gene were produced by X-ray induced mi-
totic recombination in sgg// animals (see Materials andstruct that expresses the wg gene constitutively. Clones
were induced at random positions within the histoblast Methods). The sgg patches showed ectopic differentiation
of bristles and dark pigmentation, as well as limited expan-nests in third instar larvae (Fig. 7) and studied in adult abdo-
mens where they were identi®ed by their yellow (y) pheno- sion of the tergites/sternites (Figs. 7E and 7F). These pheno-
types, although similar to those described above for Ac5wgtype (see Material and Methods and Table 2). Clones in
regions that normally express wg produced a normal pheno- and hs-wg ¯ies, represent a weaker expressivity which is
probably due to a long perdurance of the Sgg product (Ripolltype. However, wherever clones were found in regions that
do not express wg in the wild type, they produced pheno- et al., 1988; Couso et al., 1994).
types similar to those generated by ectopic expression of
wg in hs-wg ¯ies. Thus, the clones differentiate extra bris-
tles (Fig. 7B) and expanded tergite and sternite at the expense DISCUSSION
of pleura. However, although clones are, in principle, gener-
ated in any histoblast, isolated patches of tergite/sternite- We have shown here that the wg gene is expressed in
the presumptive tissues of the adult abdomen during theirlike cuticle imbedded in the pleura were rarely found (Fig.
differentiating extra bristles and ectopic pigment. The density of bristles within the yellow patch is higher than normal (arrowhead) and
ectopic pigment is formed near the spiracle, where it is not seen in the wild type. The tergite is slightly expanded such as it encompasses
the spiracle (arrow). (F) sggM11 clone with y f control twin clone. The oval patch of ectopic pigment also shows extra bristles (arrowheads).
Its sgg genotype is assured by the neighbouring y f bristles (arrows), which are part of the y f clone formed in a recombination event that
simultaneously forms a sggM11 clone. In this case, because the sgg cells are y/, the phenotype of ectopic pigmentation can be more readily
appreciated than in (D) and (E), where the paler y cuticle seldom differentiates darker than wild-type sternite/tergite cuticle.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x0a$$8152 03-08-96 09:23:03 dba Dev Bio
34 Shirras and Couso
been shown to be the case for the wing imaginal disc (Phil-
lips and Whittle, 1993; Couso et al., 1994). Ectopic bristles
appear only where wg is not normally expressedÐin the
pleura and the antero-lateral patches of the tergitesÐsug-
gesting that, as far as bristle induction is concerned, the
wg-expressing zones have saturating levels of Wg protein,
compared to the levels generated in our experiments. We
did not observe ectopic bristles on the intertergal cuticle.
This may be due to relatively low levels of Wg protein being
synthesised in response to heat shock. Alternatively, the
lack of ectopic bristles in the intertergal membrane may
re¯ect the repressive activity of the Engrailed protein (San-
tamarõÂa and GarcõÂa-Bellido, 1972; Hidalgo, 1995) which has
been shown to override the effects of Wingless signalling
FIG. 8. Time-line of wg requirements for development of abdomi- created by sgg mutations (Ripoll et al., 1988).
nal epidermis and related cellular events. The central ruler shows
the times, in hours after puparium formation (PF), at which the
Wingless Determines a Choice of Histotypedifferent events occur in wild-type ¯ies raised at 257C. Above the
ruler are depicted the phenocritic periods for wg functions (thin The results of temperature shift experiments using the
lines, based on wgIL and hs±wg experiments) with the most critical wg IL temperature-sensitive allele show that the Wingless
periods highlighted (thick lines). Below the ruler the time span of
protein is required for the allocation and differentiation ofrelevant cellular processes is shown. ``Bristle precursors form''
tergite and sternite territories. In agreement with this hy-means formation (determination plus appearance) of the precursor
pothesis, the results of the ectopic expression experimentscells which will form bristle organs (GarcõÂa-Bellido and Merriam;
show that wg expression promotes the formation of tergite1971; Poodry, 1975; this work). ``Cuticle differentiation'' means the
and sternite at the expense of pleura. Our experiments indi-process of differentiation of adult cuticle which starts with the
apolysis of pupal cuticle and secretion of adult cuticle by the his- cate that the critical time for wg activity in tergite differen-
toblasts. tiation is 18±28 hr APF when the pattern of wg expression
corresponds closely to the areas affected by loss of wg func-
tion.
The intertergal membrane of each segment is displaced
development and it is involved in several patterning pro- to the dorsal midline in wgIL ¯ies at the restrictive tempera-
cesses which are summarized in Fig. 8. ture but the cells which give rise to this region do not appear
to express wg in the wild type. This phenotype may be
explained if, in the absence of wg function, cells from the
Wingless Promotes Bristle Formation anterior dorsal nest (which are now determined to become
pleura rather than tergite) displace the cells of the posterior
One role for Wingless in the development of the adult
dorsal nest towards the dorsal midline, leading to the ap-
abdomen appears to be to promote the determination of
pearance of intertergal membrane in this position. This con-
sensory bristles. This proneural function of Wg is suggested
cept of exclusion of other cell types by pleural cells is sup-
by the loss of bristles in wg IL ¯ies which have been main-
ported by the results of ectopic wg expression. In the heat
tained at 177C or which have been exposed to the restrictive
shock±wg experiments ectopic tergite or sternite was never
temperature prior to 20 hr APF. The occurrence of ectopic
observed as an isolated patch in the pleuraÐinstead expan-
bristles in the pleura and in the lateral tergites of hs-wg
sion of the tergites and sternites was observed. Similarly,
¯ies after heat shock treatment shows that wg expression
in the animals carrying Ac5wg clones expressing wg consti-
is suf®cient to induce bristle formation and resembles the
tutively, isolated patches of tergite or sternite were only
effects of hs-sc (Rodriguez et al., 1990). The ectopic bristles
rarely observed in the pleura, and always close to wild-typein the pleura of hs-wg ¯ies are surrounded by typical pleural
tergite/sternite plates, although in principle clones are ran-trichomes. Thus, it is unlikely that the appearance of these
domly generated in all abdominal regions. This suggestsbristles is a secondary consequence of a transformation to-
that cells determined to become nonpleural are actively
wards tergite or sternite as this would entail tergite/sternite
excluded from positions in the segment where they are sur-
trichome differentiation. Moreover, the sensitive period for
rounded by pleural cells, possibly through a mechanism
this proneural effect begins earlier than that of the ectopic
involving differential cell adhesion.
tergite/sternite formation effect and coincides with the
time during which sensory mother cell determination oc-
Different Instructions Are Integrated in the Finalcurs in wild-type ¯ies (GarcõÂa-Bellido and Merriam, 1971;
PatternPoodry, 1975; this paper). We would propose that the
proneural effect of wg is mediated by positive control of the We propose that wg determines the spatial organization
of the adult abdominal pattern by a combination of its spa-expression of genes of the achaete±scute complex, as has
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